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SUMMARY 
A woven. pure wool fabric has been exposed to atmospheric pressure plasma for 30 seconds 
using a pilot-scale. commercial machine. X-ray photoelectron spectral data revealed large 
increases in oxygen and nitrogen. and a large reduction in carbon. on the surfaces of the 
plasma-treated fibres. A CIN ratio of 3.55 for plasma-treated wool was consistent with 
removal of the covalently-bound fatty acids from the surface of the cuticle cells. resulting in 
exposure of the proteinaceous epicuticle. Dye staining experiments revealed that the back of 
the fabric had received the same, uniform level of treatment as the face, despite the fact that 
only the face had been directly exposed to the plasma. Dyes (1 % oww) were applied to 
fabric at 50°C (liquor ratio =40: 1) and pH values from 3 to 6. The relatively low temperature 
of 50°C was selected in order to accentuate the effects of plasma on the rate of dye uptake. 
Under these conditions, dye was adsOibed onto the fibre surfaces, with very little penetration 
into the fibres. Effects of the plasma treatment on the rate of dyes adsorption were dye-
specific. No significant effects of plasma on the rate of dye uptake were observed with 
relatively hydrophobic dyes, but hydrophilic dyes were adsorbed more rapidly by the plasma-
treated fabric. It would appear that for more hydrophobic dyes, hydrophobic effects are more 
important for the adsorption of dyes by the plasma-treated fibres, even though these fibres 
were quite hydrophilic. On the other hand. it is concluded that for more hydrophilic dyes, 
electrostatic effects are more important for adsorption by the plasma-treated fibre. 
INTRODUCTION 
Previous studies have shown that plasma treatments invariably increase the rate of uptake of 
dyes by wool. Some studies have revealed little or no physical change to the surface 
structure of the wool fibre as a result of treatment with plasma, whereas others have found 
significant damage [1]. Relevant details from a selection of papers are discussed below. 
Wakida, et al [2], have used low-temperature plasmas of helium/argon and acetone/argon to 
increase the wettability of wool. On the basis of XPS analyses, this was found to be achieved 
through oxidation of the fibre surface. SEM studies revealed no physical changes to the fibre 
surface. Increases in the rate of dyeing and dye exhaustion for C.l. Basic Violet 3 and c.l. 
Acid Blue 83 have been reported for wool treated with low-temperature plasma using 
different gas mixtures [3,4]. This behaviour was explained in terms of modification of the 
cell membrane complex brought about by the plasma treatment. Diffusion of dye into the 
fibre roots was accelerated considerably by the plasma treatment. Similar results, using 
fabric treated with an oxygen plasma, have been reported by Lee, et al [5]. 
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Hocker, et al [6], have reported that a glow discharge treatment earned out in air [no further 
details were given] leads to cystine oxidation in the A-layer of the exocuticle. This reduction 
in the number of cross-links on the fibre surface was said to facilitate transcellular diffusion, 
as well as intercellular dye diffusion that occurs with untreated wool [7]. These conclusions 
were based on dye uptake studies through application of the fluorescent acid dye, Neolan Red 
EX-B, to merino wool top at pH 6. After dyeing for 5 minutes at 50°C, the dye stained the 
outer scale edges of the untreated fibre almost exclusively. For the plasma treated fibre, 
extensive staining of the scales was apparent, and more rapid dye diffusion into the fibre was 
confirmed on the basis of fibre cross-sections. Dyeing at pH 4.5 with the metal-complex dye, 
!solan Bordeaux S-BL, and the reactive dye, Lanasol Blue 30, showed increased rates of dye 
uptake. 
Yoon, et al [8], have found that, in dyeing wool with C.l. Acid Orange 7 (acid-levelling dye) 
and C.l. Acid Blue 113 (milling acid dye) at 60°C (PH 4.5), a reduced-pressure, oxygen 
plasma treatment (for 20 minutes) leads to increases in dyeing rates. Whereas the 
equilibrium uptake of the milling dye was greatly enhanced by the plasma treatment, no 
significant effect was observed for the acid-levelling dye. Based on SEM studies, it was 
concluded that the plasma treatment partly removed the cuticle. 
Jocic, et al [9], have carned out dyeing studies on wool fabric that had been treated at 
reduced pressure with an 'air plasma'. The trisulphonated dyestuff, C.l. Acid Red 27 was 
used on the basis of "its known sensitivity to dyeing variability in wool fibres". Dyeings 
were carned out in the absence of any leveling agent in order to eliminate any effects that 
these auxiliaries might have on d.r:eing properties. For dyeings carned out at pH 4.2 (85°C) 
and pH 6.5 (65°C, 85°C and 100 C), increases in the rates of dye uptake - most apparent in 
the early stages of dyeing - were observed as a result of the plasma treatment. The authors 
have concluded that their work has "confirmed the conclusions of other workers that the 
surface barrier effect in dyeing is diminished by the [plasmal treatment". 
Using a purified sample of C.l. Acid Red 183, Kan, et at [10], found increases in the rate of 
dyeing (at the boil) for plasma-treated wool fabric, but eqUilibrium dye exhaustion was not 
affected significantly. Oxygen, nitrogen and a hydrogen/nitrogen mixture were used as the 
plasma gases. There were nO apparent differences when using these three gases/gas mixtures 
in terms of dyeing rate and dye uptake at equilibrium, although the authors have concluded 
that the nitrogen plasma was the most effective. Surface cracks were observed for the 
plasma-treated fibre, and these were most apparent when nitrogen was used. 
Kan [11] has treated wool with an oxygen plasma for 5 minutes, and reported light erosion 
and rounding of the scale edges. Increases in the initial rates of dye uptake were observed for 
c.l. Acid Red 183 (PH 4-5) and C.l. Reactive Blue 50 (pH 6). XPS studies reve.aled a 
significant increase in the percentages of oxygen, and a significant reduction in the 
percentage of carbon, for the plasma-treated fibre. Although the authors have stated 
otherwise, an increase in the level of nitrogen from 8.78% (untreated) to 8.88% (plasma-
treated) is not considered to be significant. Under the acidic conditions used for the acid dye, 
it was concluded that the increased dyeing rate produced by the plasma treatment is 
associated with an increased concentration of protonated amino groups on the fibre surface, 
as well as "elimination of the surface barrier". The introduction of oxygen functional groups 
by the plasma treatment was said to be responsible for enhancement of the reaction between 
the wool fibre and the reactive dye. 
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Molina, et al [12], have carried out a comprehensive study, using XPS, of the effects of 
plasma (using air, water vapour, oxygen and nitrogen as the plasma gases) on the surface 
modification of wool. After a 30 minute treatment with an air plasma, large increases in 
nitrogen and oxygen, and a large reduction in carbon, were observed. Specifically, the CIN 
ratio decreased from 8.3 for untreated wool to 3.5 for the treated fibre. It has been postulated 
that the fatty acid layer has been removed by the plasma treatment to expose the underlying 
protein. 
The aim of the present study has been to develop a comprehensive and consistent theory 
concerning the uptake of dyes by plasma-treated wool. In order to achieve this, we have: (a) 
characterised the changes that occur to the surface of the wool fibre when it is treated using a 
pilot-SCale, conunercial, atmospheric pressure plasma machine; and (b) examined the impact 
of the plasma treatment on the adsorption of selected acid, 1:2 metal-complex and reactive 
dyes, with the objective of rationalising the relationship between surface properties, dye 
structure and dye uptake. 
EXPERIMENTAL 
Fabric 
A conventionallY-finished, plain-weave pure wool fabric of 222 gm·2 (manufactured from 20 
micron fibre) was used. Fabric samples were conditioned for 24 hours (200C, 65 % RH) prior 
to treatment with plasma. 
Fabric that was used for XPS studies (see below) was cleaned and conditioned as follows. 
Untreated fabric was soxhlet-extracted with dichloromethane for 3 hours. Following rinsing 
with ethanol, and then distilled water, air drying was carried out for 24 hours at 200Cl65 % 
RH. Plasma treatments were carried out on the cleaned/conditioned untreated fabric, and the 
treated fabrics were conditioned/aged - before XPS analysis - for 24 hours. 
Plasma treatment 
An Atmospheric Plasma Treatment System APC 2000, manufactured by Sigma Technologies 
International (Tucson, Arizona, USA) has been used. This device contains two aluminium 
electrodes mounted above a ceramic-coated aluminium electrode (in the form of a roller) to 
which fabric (face side up) was attached. The operating frequency and roller speed were 90 
KHz and 25 rpm, respectively. The power input was 5 kW (maximum), and helium (14 
Lmin- I ) was used as the carrier gas. A 30-second, plasma exposure time (i.e. the total time 
for which all parts of the fabric were exposed to the plasma) was used in all experiments. 
Staining of fabric with an acid dye showed the same, enhanced colour yield on both the face 
and back of the fabric. It is concluded from this that the back of the plasma-treated fabric 
received the same level of treatment as the face, even though only the face was directly 
exposed to the plasma 
XPS 
Elemental analyses were carried out using an Axis Ultra spectrometer (Kratos Analytical 
Ltd., UK) equipped with a monochromatised X-ray source (AI Ko, hv =1486.6 eV) operating 
at 150 W. Photoelectrons were collected from an area of approximately 700 x 300 !-1m2• The 
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instrument's charge neutraliser was used. Survey spectra were acquired for binding energies 
of 0 to 1200 eV, using a pass energy of 160 eV. The relative atomic concentration (%) of 
elements detected by XPS was quantified from the area of peaks in the survey spectra using 
sensitivity factors appropriate for the Kratos instrument. The estimated errors associated with 
these measurements are ±l0%. The errors, therefore, in calculating CIN ratios are :±i!0%. 
Dye Adsorption 
Dye adsorption experiments were carried out in an Ahiba Nuance laboratory dyeing machine 
at a liquor ratio of 40: 1. Plasma-treated samples were conditioned for 24 hours prior to each 
experiment. Fabric samples (5 g) were wet out in water at 40 'C, and then equilibrated for 15 
min at 50°C. For the acid dyes, the liquor contained 5 %, 10% or 10% owf sodium sulphate 
buffered to pH 3, 4.5 and 6, respectively. No sodium sulphate was used for the metal-
complex and reactive dyes. 
Dyestuff (I % owl) was dissolved in water (25 mI) and added to the treatment liquor. The dye 
concentrations were measured spectrophotometrically at 20 minute intervals by removing 1 
mI samples of the dye liquors and diluting to 5 mI prior to measurement. The absorbance at 
time t = 0 was measured using the stock solution, diluted appropriately. Absorbance was 
measured at Am" for all dyes in a 10 mm quartz absorption cell using a Catty UV NIS 
spectrophotometer. 
The following dyes were used: 
• Acid dyes: c.r. Acid Red 88 (monosulphonate), C.r. Acid Red 13 (disulphonate) and 
C.l. Acid Red 18 (trisulphonate) 
• 1:2 Metal-complex dyes: Neutrichrome Red S-GN (monosulphonate) and 
Neutrichrome Bordeaux M-B (disulphonate) 
• Reactive dyes: C.r. Reactive Red 66 
Fabric wet/ability 
A sample of (40 mm x 40 mm) was clamped at one end and suspended vertically from a 
balance. The free end of the fabric was immersed in distilled water up to a depth of about 3 
mm at time t =0. The weight of the sample was then measured at 1 second intervals. Water 
uptake (W) was calculated according to the equation: 
W (%) =[(W, - Wo)fWol x 100 
where Wo is the weight of the sample at time t =0, and W, is the weight of sample at time t. 
The estimated errors for the values ofW are ±5% (absolute). 
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RESULTS AND DISCUSSION 
Characterisation of surface changes with plasma 
Wettability 
Figure 1 shows the percentage water uptake versus time for fabric that had been treated with 
plasma for 30 seconds and then stored at 20°C and 65% RH for various times from 1 to 11 
days. All the treated fabrics were much more hydrophilic than the untreated, as shown by the 
large change in wettability. The apparent decrease in weight at time t = 0 for the untreated 
fabric was due to a buoyancy effect caused by entrapped air. Further experiments were 
carried out with fabrics treated with plasma for 30 seconds and aged for 1 day. 
270 
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Figure 1. Water uptake of fabric treated with plasma for 30 seconds (exposure time) and aged for 1-11 
days. 
Surface chemistry (using X·ray Photoelectron Spectroscopy) 
X-ray photoelectron spectral data (Table 1) on the surfaces of the plasma-treated fibres 
revealed large percentage increases in oxygen and nitrogen and a large reduction in carbon. 
A CIN ratio of 3.55 for plasma-treated wool is consistent with removal of the C21 fatty acid 
layer, and exposure of the proteinaceous epicuticle layer on the outer surfaces of the cuticle 
cells (Figure 2). A CIN ratio of 3.5 for an air plasma (vacuum) treatment of wool- with a 30 
minute exposure time - has been reported [12]. A CIN ratio of 3.4 has been reported for the 
epicuticle [13]. 
Table 1. XPS data of untreated and plasma-treated wool 
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epicuticJe (12% half·cystine) 
surtace F·layer 
C" fatty acid 
intercellular cement 
(1% half-cystine) 




The relatively low temperature of 50°C was selected for the dyeing experiments to accentuate 
the effects of plasma on the rate of dye uptake. Under these conditions, dye was adsorbed 
onto the fibre surfaces, with very little penetration into the fibres. This was confirmed using 
fluorescent stains and confocal microscopy to carry out optical cross-sections (not reported 
here). 
Figure 3. Structures of three related acid dyes 
monosulphonate 
R1 = S03Na; R2. R3 = H 
C.I. Acid Red 88 
disulphonate 
R', R2 = S03Na; R3 = H 
C.I. Acid Red 13 
trisulphonate 
R1 R2 R3= SO Na' 
" 3' 
C.I. Acid Red 18 
To examine the impacts of the plasma treatment on the adsorption of acid dyes, the behaviour 
of three acid dyes was studied (Figure 3). These dyes have the same basic structure, differing 
only in the number of sui phonic acid groups they contain. These groups give acid dyes their 
anionic character and are responsible for their solubility in water. For a similar aromatic 
structure, the polar nature of acid dyes increases with the number of sulphonic acid groups on 
the molecule. Figure 4 shows percentage dye uptake versus time for the monosulphonate, 
C.l. Acid Red 88 at pH 4.5 and 6.0. Experiments were carried out for 80 minutes at 50°C. 
No significant differences were found between the untreated and plasma·treated fabrics in 
either dyeing rate or final % dyebath exhaustion. 
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I-+- Untreated ---- Plasma treated I 
o 20 40 60 80 
Time (min) 
Figure 4. Adsorption of C.I. Acid Red 88 at pH 4.5 (left) and pH 6.0 (right) 
Dye adsorption is a complex phenomenon involving both hydrophobic and electrostatic 
interactions. Despite the fact that the untreated fabric is quite hydrophobic and the plasma-
treated fabric is extremely hydrophilic, there is little difference in the rate of dye adsorption. 
It is concluded that for the relatively non-polar, monosulphonated dye, dye is adsorbed 
largely due to hydrophobic effects. In the exposed epicuticle of the hydrophilic plasma-
treated fibre, there is still a sufficient number of hydrophobic groups to facilitate this 
mechanism of dye adsorption. 
For the more polar, disulphonated acid dye - C.1. Acid Red 13 - the picture is quite different 
(Figure 5). At pH 4.5, there is a big difference in the rate of dye adsorption for dyeing times 
up to 80 minutes. At pH 3.0, the differences are most apparent in the early stages. For this 
dyestuff, it appears that electrostatic effects are becoming more important for adsorption than 
hydrophobic effects. Furthermore, removal of the hydrophobic surface fatty acids of the F-
layer by the plasma treatment appears to increase the effectiveness of the ionic interactions 
between the proteins of the epicuticle and the anionic dye molecules. 



















I-+- Untreated ---- Plasma treated I 
o 20 40 60 80 
Time (min) 
Figure 5. Adsorption of C.I. Acid Red 13 at pH 3.0 (left) and pH 4.5 (right) 
Figure 6 shows that the trisulphonated acid dye (C.1. Acid Red 18), shows similar behaviour 
to that of the disulphonated dye (C.1. Acid Red 13), shown in Figure 5. 
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Figure 6. Adsorption of C.I. Acid Red 18 at pH 3.0 (left) and pH 4.5 (right) 
Adsorption curves at pH 3.3 and 4.8 for the metal-complex dyes, Neutrichrome Red S-GN 
(monosulphonate) and Neutrichrome Bordeaux M-B (disulphonate), are shown in Figures 7 
and 8. No significant differences in the rates of dye uptake for untreated and plasma-treated 
fibre were observed with either dyestuff. Metal-complex dyes have high molecular weights 
and are relatively hydrophobic compared with acid dyes. It is concluded that for both of the 
dyes studied, strong hydrophobic interactions are responsible for the similar dye uptake 
behaviour of the untreated and plasma-treated fabric. 
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Figure 7. Adsorption of Neutrichrome Red S-GN at pH 3.3 (left) and pH 4.8 (right) 
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Figure 8. Adsorption of Neutrichrome Bordeaux M-B at pH 3.2 (left) and pH 4.8 (right) 
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I bromoacrylamide I 
Figure 9. Structure of C.1. Reactive Red 66 
The chemical structure of the reactive dye, C.I. Reactive Red 66, is shown in Figure 9. This 
dye molecule is highly polar by virtue of its two sulphonate groups, as well as the 
bromoacrylamide reactive gronp. 
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Figure 10. Adsorption of C.1. Reactive Red 66 at pH 3.2 (top left), pH 4.8 (top right) and pH 6.1 
(bottom) 
Adsorption curves at pH 3.2, 4.8 and 6.1 for C.1. Reactive Red 66 are shown in Figure 10. 
Dye uptake is faster on the plasma-treated fabric at all pH values, consistent with the results 
for the disulphonated and trisulphonated acid dyes (above). 
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CONCLUSIONS 
Under the conditions used in this study, a plasma treatment has been effective in removing 
the C2l fatty acid layer from the wool fibres. The large increase in the hydrophilic properties 
of the plasma-tr~ated wool can be attributed to the exposure of the underlying proteinaceous 
epicuticle. Some increased hydrophilicity may also result from the generation of charged 
groups on the surface of the epicuticle. 
Previous studies have invariably found that, for a wide variety of plasma treatments, the rates 
of dye uptake by wool are enhanced. Under the conditions used in the present study, 
however, the uptake of dyes by the surface of plasma-treated wool at 50°C has been found to 
be dye-specific and to depend on the hydrophilic/hydrophobic nature of the particular 
dyestuff. Thus, plasma treattuent has been found to have little effect on the dyeing rate of 
relatively hydrophobic dyes. This is consistent with the greater importance of hydrophobic 
dye-fibre interactions compared with electrostatic (ionic) effects in these cases. For relatively 
polar dyes, the increased dyeing rate produced by the plasma treatment is consistent with the 
greater importance of electrostatic interactions between the more strongly anionic, 
hydrophilic dye molecules and a more highly charged, hydrophilic fibre. 
REFERENCES 
I. H. Thomas, Plasma Modification of Wool, in Plasma Technologiesfor Textiles, edited by 
R. Shishoo, Woodhead Publishing Limited, Cambridge, England, 2007,228-246. 
2. T. Wakida, S. Tokino, S. Niu, H. Kawamura, Y. Sato, M. Lee, H. Uchiyama and H. 
Inagaki, Textile Res. J. 1993, Vol 63, No.8, 433-438. 
3. T. Wakida, M. Lee, Y. Sato, S. Ogasawara, Y. Ge and S. Niu, JSDC, 1996, Vol. 112,233-
236. 
4. T. Waldda, M. Lee, S. Niu, S. Kobayashi and S. Ogasawara, Sen'i Gakkaishi, 1994, Vol. 
50, No.9, 421-423. 
5. M. Lee, T. Wakida, M.S. Lee, P.K. Pak and J. Chen,Journal of Applied Polymer Science, 
2001, Vol. 80, 1058-1062. 
6. H. Hocker, H. Thomas, A. Kusters and J. Herrling, Melliand Textilberichte, 1994, No.6, 
506-512. 
7. J.A. Rippon, The Structure of Wool, in Wool Dyeing, edited by D.M. Lewis, Society of 
Dyers and Colourists, Bradford, England, 1992, 1-51. 
8. N.S. Yoon, Y J. Lim, M. Tahara and T. Takagishi, Textile Res . .1., 1996, Vol. 66, No.5, 
329-336. 
9. D. Jocic, S. Vilchez, T. Topalovic, R. Molina, A. Navarro, P. Jovancic, M. R. JUlia and P. 
Erra,Journalof Applied Polymer Science, 2005, Vol. 97, 2204-2214. 
10. CW. Kan, K. Chan, CW.M. Yuen and M.H. Miao,JSDC, 1998, Vol. 114,61-65. 
10 
